Mutagenized P1 bacteriophage were used to transduce a marker (aroE) 
Although recent studies in vitro have shown that the structural genes for at least 26 ribosomal proteins are clustered between the trkA and trkB loci on the Escherichia coli genetic map (1), inability to select directly for mutationally altered forms of most of the proteins has hampered the analysis of structurally defective ribosomes (2, 3) . Antibiotic-resistant strains with altered ribosomal proteins have permitted the identification and mapping of only a limited class of proteins associated with each subunit. Alterations in the structural genes of other proteins may lead to lethality because of pleiotrophic effects on the structure or function of the ribosomes.
With the introduction of localized mutagenesis techniques such as described by Hong and Ames (4) , a new approach to the isolation of conditional mutations in the structural genes for ribosomal proteins has become available (5, 6) . Transductants of a genetic marker close to a chromosomal region of interest are isolated at a permissive temperature and then screened for linked temperature-sensitive mutations at a restrictive temperature.
We have isolated high-temperature (44°)-sensitive transductants in an aroE-strain of E. coil transduced to prototrophy at 300 by hydroxylamine-treated P1 bacteriophage. In this communication we describe the properties of one high-temperature-sensitive mutation that affects at least four different ribosomal proteins.
MATERIALS AND (14) . PlvIr (1011 plaque-forming units/ml) grown on strain JC158 were diluted 1/10 in a solution of 0.45 M hydroxylamine, 2 mM EDTA, and 10 mM CaCI2, and incubated for 13 hr at 37°. After centrifugation at 48,000 X g for 1 hr, the phage pellet was resuspended in L broth containing 2 mM EDTA and 10 mM CaC12. Debris was removed by centrifugation at 15,000 X g for 10 min.
The procedures for transductional crosses were those described by Willetts et al. (12) . AroE+ transductants of AB2834 were selected at 300. When the transductants were just visible to the naked eye, they were replica plated to a casamino acid selective plate that had been warmed to 440. After 24 
RESULTS
Mutant Isolation. Since the aroE locus is closely linked to the ribosomal protein cluster at 72 min (55-75% cotransduction frequency), conditional mutants linked to aroE might lie in ribosomal protein genes. Accordingly, a Plvdr phage lysate of JC158, treated with hydroxylamine as described in Materials and Methods, was used to obtain AroE+ transductants of AB2834. Those transductants obtained at 300 that were unable to grow after replica plating at 440 (high-temperature-sensitive) were picked for further analysis. Five temperature-sensitive mutants were isolated from an initial screening of about 16,000 transductants.
Characterization of Strain SK911. One high-temperature-sensitive mutant (SK911) showed no growth on either minimal agar or Luria agar replica plates incubated at 44°. In liquid cultures, growth progressively declined after about one generation at the restrictive temperature, while cell viability was irreversibly lost after 90 min (Fig. 1B) . Growth of a temperature-resistant AroE+ transductant (SK901) was unaffected by the shift to 440 (Fig. 1A) Polyribosome Formation. Both the control (SK901) and mutant (SK911) strains showed normal polysome patterns when the cells were cultured at 300 ( Fig. 2A and B) . However, no mono-or polyribosomes were detected in SK911 90 min after a temperature shift to 42°, whereas the control exhibited a profile identical to that observed at 300 (Fig. 2C and D) amination of ribosomal subunits by sucrose gradient centrifugation of cell extracts prepared from both low-and high-temperature mutant cultures revealed no evidence for accumulation of ribosomal precursor particles. However, increased amounts of low-molecular-weight RNA and protein were clearly evident in gradients, when lysates from the mutant were examined after a shift to 44°. with either SK901 or SK911 S100 proteins; (0) SK911 ribosomes with either SK901 or SK911 S100 proteins; (0) SK911 ribosomes with SK911 S100 proteins. (A) Ribosomes and S100 proteins isolated and assayed at 300; (B) ribosomes and S100 proteins isolated at 440, assayed at 300; (C) ribosomes and S100 proteins isolated at 300, assayed at 44°; (D) ribosomes and S100 proteins isolated and assayed at 440°P olyphenylalanine Synthesis. The ability of ribosomes isolated from SK911 to promote the poly(uridylic acid)-directed synthesis of polyphenylalanine was examined. Ribosomes and S100 proteins from SK911 and SK901 were isolated from cells grown at 300 and from cells that had been shifted to 440. Ribosomes isolated from either strain grown at 300 showed identical rates of protein synthesis at 300 or 440 using either source of S100 (Fig. 3A and C) , although the extent of incorporation was reduced for both systems at 440.
Ribosomes isolated from cells shifted to 440 showed significant differences in polyphenylalanine synthesis. When assayed at 300, both mutant and control ribosomes appeared equivalent; if the wild type (SK901), high-temperature S100 was used (Fig.  3B) . The S100 fraction from SK911 supported protein synthesis with control ribosomes at 300 (data not shown), but when mutant ribosomes were used, the rate of incorporation was considerably reduced (Fig. 3B) . If the same assays were performed at 440, either S100 supported good protein synthesis with the control ribosomes, but the mutant ribosomes had less than 40% of the control activity with either S100, and were totally inactive after 10 min at 440 (Fig. 3D) .
Analysis of Ribosomal Proteins. Ribosomal proteins extracted from total 70S ribosomes and from isolated subunits were separated by two-dimensional polyacrylamide gel electrophoresis. Fig. 4A is a photograph of a stained gel of the 70S proteins from SK911 grown at 30°. Although no ribosomal proteins were found to be missing in the mutant, five additional proteins were present in the gel (indicated by the arrows in Fig.  4A ). These were not present in the parental strain AB2834, in a control strain able to grow at 44°(SK901, Fig. 4B ), or in a spontaneously occurring temperature-resistant revertant of SK922 (SK924). Four of the extra proteins may be doublets of the normal ribosomal proteins L18, L22, L25, and L30. An additional protein spot located directly above protein L29 was also present. Without the additional proteins, the 70S gel pattern is typical of E. cod K12 strains (20) . The four new proteins were also found in the gel of 70S proteins isolated from a strain (SK939) carrying the temperature-sensitive mutation in a different genetic background ( Table 1) . None of the extra spots was present in a gel of 70S proteins isolated from a partial diploid strain (SK1356, Table 1 ). Fig. 4C presents the gel pattern of the 50S ribosomal proteins isolated from SK911 after shift-up to 44°. For the L18, L22, L25, and L30 doublets, the upper spots all increased markedly in stain intensity, compared to the same bands-in a gel of 300 proteins (Fig. 4A) (1977) detailed description of the fine structure mapping will be published elsewhere: V. F. Maples, W. S. Champney, and S. R. Kushner, unpublished data).
DISCUSSION
Our working hypothesis is that the rimEl mutation is an alteration in an enzyme responsible for the modification of at least four 50S ribosomal proteins. Sufficient although incomplete modification of these ribosomal proteins occurs at 300, allowing for cell viability at this temperature. Presumably a heterogeneous population of ribosomes is formed at the permissive temperature. At 440 the modifying activity is completely inactive, and the cells grow only to the extent permitted by the amount of ribosomes formed at the permissive temperature. The characteristics of the rimE mutant described in this paper suggest that ribosome maturation requires some type of processing of the 50S subunit after it has been assembled. The significant differences in the relative amounts of the doublet pairs suggests that at least in four cases the additional proteins may represent precursors of L18, L22, L25, and L30.
Methylation (21), acetylation (22) , or proteolytic cleavage of a precursor ribosomal protein are possible candidates for the nature of the rimE activity. It is of interest that all four proteins are present in the p150S precursor particle described by Nierhaus et al. (23) .
Modification of the proteins is presumably critical for the function of the 50S subunit in protein synthesis. Modification may take place after the subunit has been assembled, since no precursor particles have been observed and the additional proteins are isolated from intact 50S and 70S ribosomes using cells grown' at either 30°or 440. The loss of polyribosomes at the high temperature and the accumulation of RNA and protein suggest a degradation of unmodified and nonfunctional ribosomes in the mutant.
The results from the assays of the protein synthesis in vitro suggest that ribosomes isolated from-cells cultured at 300 have been normally modified to some extent in vivo and are capable of active protein synthesis in vitro at any assay temperature. (This is consistent with our finding of both forms of the proteins in gels of low temperature ribosomes.) Ribosome modification does not occur in vivo at 440, and ribsomes isolated from these cells can function in vitro only to the extent permitted by the amount of low temperature (modified) particles present.
The rimEl mutation may be similar to the sad (self-assembly deficient) mutants of Guthrie et al. (24) and the rim mutants of Bryant and Sypherd (25) . In these cold-sensitive ribosome assembly mutants, however, an assembly factor or activity is affected, since direct alterations of any of the structural proteins of the particle have not generally been observed. The pleiotrophic effects of the rimEl mutation on the ribosomal proteins and its location adjacent to the ribosomal protein cluster at 72 min makes this mutation of special interest in studying ribosome function.
In addition, the application of localized mutagenesis should permit a direct genetic analysis of the ribosomal protein gene cluster through isolation of conditional mutants in many of the structural genes for the ribosomal proteins.
